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CONCEPTUAL DESIGN OF A HIGH-RESOLUTION

r“ SPECTROMETER

1 will discuss the design of a high -rmollltion nO spect remet er based on accurate mea-

surements of the opening angle between the two T rays from no decay, The first no

spectrometer of this type was built at LAMPF and first operated in 1978, It has an en-

ergv resolution of 2 \leL’ and solid angle of about 1 msr. The design and performance of

the LAMPF no spectrometer. as well as the physical principles of the opening angle nO

spectrometer, are discussed in Ref. 1.

During the IMt 10 years a considerable body of work studving the r-nucleus and x-

nucleon charge-exchange reaction ha.. been carried out. Nlany experiments that are being

proposed and considered require a more capable instrument.

D&ing t hc same period there has been substantial improvement in the technologies

of photcm calorimetry and charged particle vertex resolution. These improvements make

possible a ten-fold improvement in the ●nergy resolution of a m“ spectrometm. It is alsn

possible to achieve large improvements In solid-angle and rate capabilities. 1 will revirw al](

develop the physical principirs involved in the design of an opening aagle no spectrometer.

I will show that t hes~ principles, c(m~t]inm-1with the goals of good ●rmrgy resolution, large-

s(I!I(] anule, and high-rate capability. constrain the design of a practical instrument,

To establish the basis for discussion of solid-angle, energy resolution, and rate, it is

I]ecessary to consider beams, targets, cross sections, and experiments. To be specific, t IIC

LEP channel at LAMPF2 provides char~ed pion beams with Ap/p M small ~+ 10 3 aI}d

fll]xes as large aa 1097r+s!s6z <’ross sect ions for nuclear m charge. cxchang~ reactions on

nticlear targets range downward from I n]hl sr. For a real experiment, the Iwan] and tar

~et a.. w~il as the d~tcctor cent rib~tte to the rnergy r~solution, ( ‘onsirkr the sit IIat ill!)

wtlere t I]+*II-WI t arget and spect ron~etrr all givr t he same cent rihllt ion to the m]w~y r?’+

(>liltion, For a momentum bitr Ap }) 10 J at T. 150, the henm ●nergy rrw~lllt II III

is ().?2 \le V (F WHM), and thr flIIx is ],5 . I(17n4 SW. A 13(’ target (If O.fi K1l] (tll:

cr>iltriblltt-s (),22 $le\’ of if~llizatil~ll rl)ergy-l(ws strn~!ing. 3 1 will sliow Iml(jw tllnt ;i <lNII

Irf)ll]eter (.t)rltrit)lltioi} (d’0,22 \!r\” i~ friwi!~le, ‘1’he (werall Ptwruy rmfdllt i(}rl is t IIml

(),22 \ .] (),,])4 \lr\’
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For a 0.22-MeV energy resolution a 2 nlsr sol]d angle is attainable. The yield is tllel]

75 counts /ciay for a 1 pb/sr cross sect ion. The al)ove spect remet er characteristics WOII1(1

make possible an extensive program of st Ildy of pion charge-exchange react io]ls Ieadillg

to discrete final states. Isobaric-analog states could be studied to n~ornent um transfers

corresponding to the t bird diffraction maximum. W’eaker states could be Studied ol]t to

the second diffraction maximum. This wollld allow the experimental characterization of

the m-nucleus isovector optical potential and the quantitative use of the m charge-e. --hange

reaction for the study nuciear structure. The large solid angle would allow experin]elits t o

be performed in a few days time.

Inhere are several design goals for a To spectrometer, some of which conflict. These

include:

(1)

(~)

(3)

(4)

(5)

Minimum cost,

Good energy resolution,

Large solid angle,

High rate capability, and

Highly selective trigger.

In addition it is necessary that the ratio of data-taking time to calibration and servicing

time be large. I will discuss how these design goals and available detector technology

constrain the design of a no spect rometm. Conversely, I will show that a spectrometer is

fe=ible which achicvcs a systcm resolution of 0.4 MeV at a solid angle of z msr. ,1 soli(!

angle as Iargr = 5 msr and a spcctrorncter resolution as small as 0,0s NleV art possible.

Thr cost is of the order of $2.5 x 106 and cannot be drastically reduced.

The spect rcmwtcr design I will discuss is baaed on measuring the direction and enmjzi(”s

of t he two ~‘s from the decay no - y?. FiEur~ 1 shows some relationships in the kinen~atirs

,,f no decaY. Thcrr uc tw,l independent ways of determining the nO energy from laboratW’

il)

(2)
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Calorimeter NaI

Chain b

~ig, 2. Shows lmw q, El, Ar:d E2 are measured.

lnore than one converter per arm), The e+ e - pair develops an electromagnetic showrr.

‘1’he total shower energy is determined by adding the signal from calorimetric d~t Pet ors,

which ahsort> t Iw shower energy, to the energy deposited in the active converters.

The first round of questions that arises is:

( 1) How does the ~-ray energy resolution enter into t lie no energy resolut i(nl’?

(2) What is t h? meet cost effective material for the calorimetm?

(3 ) How does t h? rqwming-angl~ wd~it ion rnter into the r“ ●wrgy resolllt ifltl’.’

(4 ) What IS tlw most cost ●ffective material for the converter?

Th? ~l~r~~ltrwl v en~rgies enter t Iw expression for t hr no mer~y as follows, 1 ExlJatlflillK

d (*1 u’~ ) L+ ii (I]l)t.tifnl of ~ at)ollt J’ ,ro ~it”l(ls



1
w’(,Z) =d(l +tTo(.T -.ro) + --(,T—,ro )2) +,, .

~
(4b)

for X. = O. The term linear in ,r .rO vanishes. This is the reason it is possible to obtain

good To energy resolution in the first place. For symmetric decays (x = O) the To energy

only depends on the opening angle q an{] not on x, In order to obtain the spread in u,

2w, it is necessary to keep the ternl quadratic in (x - XO). If ~l?~ is the fractional ~-ray

u ~2, then for r = O the no energy resoi{ltion isenergy resolution at J5’7:= ,

for NaI at 140 MeV (Tmo = 140 IkleV). AE. -- 1.7’?7, so

i!w~~fs -30 keV .

This extremely small vaiue of the n“ energy resolution only holds when an extremely

narrow range of z near T = O is accepted, In fact, the distribution of reconstructed nO

energies w is highly non-Gaussian in this situation and the full-width, half-max resolution

is about the same as the root-mean-squared resolution. The opening-angle resolution

contribution can be made arbitrarily smail by making the target-to-detector distance R

large. Using a NaI calorimeter and very restrictive z acceptance it is possiule to obtain a

spectrometer resolution of 30 keV!

In a practical situation, a finite range of Z, say from –y to +y, must he accepted in

{Jrder to obtain a large acceptance. In this case the linear term in (Eq. (4 b)) contrib~ltes

and
Aw 1

-= -== y A ET
d /12

The ~-ray e=nergy resolution i~ still extremely itnportant.

determines t hr range of z that can be accepted,

Y “ AE~ the w di~tribution is approximately

drsired, then the fractional z accrptanm at Tn.

(5)

For fixed AW the value of A E.

Recall that x ranges from –$ to +/J. For

Gaussian. If Aw =- 0,14 McV FWHM is

- 100 MeV is

1/
6,()(% ,

L) -

.T)
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Table I. Properties of detector materials. The energy resolution is

for modular detectors and does not represent the best that can be

obtained with a monolithic detector.
.—.

13etector AEI’E 12adiation

Jfat erial at 100 ilfe~r C’ost/cn]3 Length
. ...-— — ————..———

Pb C;lass 30(% !$0.5 2-4 cm

NaI q:? $2 2.5 Cn

BGO 470 $~o 1.1 cm
_._-— — .—— .— —

shower so the relevant cost figure is cost (Cn12 ~’ radiation length). From the point of

view of energy resolution, both NaI and BGO are much better than lead glass. Figure 3

compares the energy resolution of NaI and BGO detectors. From the point of view of cost,

NaI is much better than BGO. Therefore. NaI is the material of choice for the calorimeter.

NaI and BGO have comparable energy resolution at high energies.

Now consider the influence of opening angle resolution on the no energy resolution.

for ~ ~ 2, ‘rrn -- I 40 !’vlev, q --60”.

for AWI = 0.1’10 keV (FWHhI), ~q - 6 ~ 10-4 Rad FWHM

distance of 1 In. Thel]

~r, ,, @2?
R

where At’ is the vertex resolution, so

(6)

, Take a target to detector

is reqllirwi! I will arglle that it, is pmsihle to ol)tail~ this vertex rmolut ion.
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Fig. 3, Compares the energy resolution of NaI and BC;O.

When a ~ ray having an energy greater than a few MeV interacts with matter, it pro-

duces an electromagnetic shower through successive pair production and brernsstrahlung

processes. 4 The characteristic length for a y ray to produce a pair or for an electron to

emit a hard -y is called the radiation length .1’o. This same characteristic lcn@h governs

the multiple scattering of charged particles, which is expressed by the relations

r15 !vfe’v ,Y
Ve – .—--- ..——

X ‘
(7)

w’

Here m~ is the 17hf S scattering angle projected on one coorcilnatc, .Y is the t hicknms of

material throllgh which the charged particle passes, t? is the particle velocity and p is the

Imrticle nmnlentllm. The same ctlmactrristic length .Y~ applies to the three ]Jrncmwtw

[mir pr(dllcti(m, I)relllsstrallltlilg, and Illllltiple scat, terillg---tlecatlse they all res~llt fr~~lll

7’



the interact ion of the projectile with the screenecl C’OLIIOIIIbfield of the target or Illeditllll

nuclei,

The requirements of Iligh conversiml efficiei)(y an{] good vertex resolution are cent ra-

dictory. For ,Y <<:.% the conversion l~roba.bility P,. is IJroportional to .%-/.%-O

The vertex resolution ~ k’ is proportional to .Y times the RMS scattering angle U@

‘V%W5A’’+W)3’2~ (9)

For AV small, we want .Y/.Yo small; for P. large, WI=want .Y/XO large. For fixed conversion

probability, the vertex resolution is minimized by choosing a material with a smaIl X.. The

material of choice is BGO, which has a 2.3 times smaller radiation length than NaI, Since

the ~-ray energy resolution of BGO is comparable to that of NaI and only a small fraction

of the energy is deposited in the BGO, the overall y-ray energy resolution can be expected

to be 4$70at 100 MeV.

I showed above that a vertex resolution of 0,24 mm RMS was required. How can such

a small vertex resolution be obtained? E. B, Hughes and Y. C, Liu6 of Stanford University

have made a Monte Carlo study of this ,Jroblem using the computer code EGS.7 Dan Sober

of Catholic University has also tackled this problem and his results, which are similar to

those of Hughes and Liu, are reported in these proceedings. I will report the results of the

Hughes and Liu work.

Consider a slab of BG() having thickness .Y. As X’ is increased, the shower develops

more before the shower products emerge from the back of the siab, Figure 4 shows the

number of charged-particle tracks emerging from the back of a converter slab as a function

of the slab thickness for a 150-MeV incident y ray, For small thicknesses (+0.5 .To ), two-

prong events dominate as expected. At large thicknesses (*2,0 X.), the probability of

one or more charged prongs to emerge begins to saturate as the shower }Jecon]es hi~!lly

developed.

\$%at is the best algorithm with which to reconstruct the interaction vertex’? First

consider a one-prong event, Let y and @ybe tile y coordinate and y projected angle of the

particle as it emerges from the connector, These, as well as other quantities, are shown in

Figure 5. ‘rhe most general vertex estimator, which is linear in 0, can be written as

,t/‘ p - toy . (10)
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Fig. 4. Shows the probability of different numbersof prcmgs emerging from

the back of a BGO slab as a function of the slab thickness. The zero-prong

events are from photons that interact, in the slab but for which no charged

pmt Icles emerge.
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Fig. 5. Illustrates the vertex reconstruction algorithm for one- and two-prong

events.
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The ycoordinate oftl-worigin of the track isobtahedb yprojectingt lletracktoadeptll

t in the slab. The RhlS deviation of this estimator from the true vertex y coordinate is

shown in Fig. 6 as a function of [,’ .Y. If mare than one prong is present, then a reasonable

algorithm is obtained by forming a weigliteci average of the individual estimate for each

with

The weight ing factor is proportional to t!-winverse of t he space angle squared. This weight -

ing emphasizes the forwax d-goin3 prongs that are likely to have high energies and to have

suffered less multiple scattering than those prongs observed to have large angles. The

vertex resolution is plotted versus // .Y for one-, two-, and three-prong events for 0.5, and

1.0 thick converters. In Fig. 6 the optimum 1’~.1 has been determined for each class of

event (number of prongs) and the optimized vertex resolution is plotted versus X 3i 2 in

Fig. 7. .The vertex resolution is seen to increase somewhat faster than the .Y3i2 predicted

by Eq. (9) as a result of the increase in shower complexity as .K increases. A vertex resolu-

t ion of 0.24 mm can be obtained for a converter thickness of 0,5 -TO. The rapid i:~crease of

the vertex resolution with .Y makes the use of a thicker converter impossible, According

to Fig, 4 the conversion probability is 28?I0 for a 0,5 XO thick converter.

Next consider the problem of choosing a tracking detector, Two types of tracking

cl?arnbers are available: dmft chambers and multi wire proportional chambers, The latter

are excluded by their iuherent ly poor positive r~amlution, 0.6 mm RMS for 2-mn~ wire

spacing. Drift chambers employing drift distances of 1 cm obtain a position resolution of

0.1 mm RMS. The cost of commercial readout is approximately $200/wire, The Lecroy

“pipe line TDC’” provides a pulse pair resolution of --2 mm, so that hits separated by more

than this ~eparat.ion can be resolved. For converters 0.s radiation lengths or thicker, the

drift -chamber resolution of 0.1 mm is small compared to the theoretical vertex resolution

from the algorithm and will not significant ly degrade t h? theoretical vertex resolution.

The designing and configurate ion of t hc drift chambrrs must balancr the followil]K

requirements:

( I ) Onr-. t WO-, and t hree-pron~ events must he processed.

(2) ‘rile drift chamber package nl~lst bc thin along the ? propagation direction sincr

t h< solid angk dcprnds cm t ilc dist anl e to t hc back of the calorimrtm to the t llir~i

power (see beiow ),
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(3) FoI fast on-mdoff-line analysis, asinlple geolnetry is desirable.

(4) Tl~ereconstrllction algoritlll:~ sllo~ll~i llalldle ~~lissillg allrloverla]~pirlg nits.

I have studied a detector configurate ion, sliown in Fig. 8, that may satisfy the above

criteria. The configuration consists of three sets of three planes. f2ach plane is I CI1l

thick for a total thickness of 11 cm/converter. 9 cm chamber + 1 cm converter + 1 cm

scintillator. The planes are at angles of 120° with respect to one another and arranged in

an r,s, t ,r, s,t, r,s, t pattern. A typical two-prong event with an opening angle of 4° is

shown on the figure. The tracks are separated by 7 mm at the ninth phme. There are four

degrees of freedom for each track. The five-fold overdetermination of ●ach track allows the

elimination of left-right ambiguities for 9$YZ0of the tracks if the third plane in each set is

displaced by 1/2 of the field to sense wire spacing,

This configuration allows a hierarchal approach to the track finding problem. The

three planes in each of the r, s, and t sets are analyzed separately to give a slope and

an origin. The three sets of slopes and origins are tested for cempatibi~ity, combined to

give two slopes and two origins in an ort hogomd coordinate system. A straightforwahid but

tedious calculation shows that the error in the projected vertex is nearly the same as the

resolution of each plane,

If there is one missing hit (9% probability for 99% efficient chambers), then the two sets

that have three hits still give sufficient information to reconstruct the track with two-f !d

overdetermination. The hits in the incomplete plane provide two more consistency checks,

As shown in Fig. 7, the typical two-prong ●vent has a separation of 7 mm at the ninth plane

and a smaller separation in the forward planes. This problem is not fatal. Suppose the two

tracks were not separated at all but appeared M one track, The reconstructed origin would

coincide with the origir, constructed from the two tracks separately using the algorithm of

Eq. (11). It shouJ.d be possible to develop a good algorithm which combines unresolved

hit information in the forward chambers and resolved or unresolved hit information in the

back chambers to accurately reconstruct the projected track origin,

The conclusion after coneidcring the prohlcms of\ -rtcx detectiou and reconstruction

are:

(1) The optimum converter material is BCO,

(2) The optimum converter thickness is about 0,5 radiation lengths, which gives

0.24 mm resolution with 28?10detection efficiency,

(3) Drift chambers can provi+ the ncwied accuracy and r~dur]dancy to reconst rltrt

one- two-, and three.prong evrnts.

Now we consider the problen)s of t I)e dfiriency of no detection, Among the fnct ors

cmlsidered nre:
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( 1) calorimeter size and shape,

(2) Number of converters.

The solid angle Q for no detection may Iw (idilled a.. the cietect or efficlexlcy averaged over

the spectrometer acceptance. According to tl]is definition, the proilal)ility of detecting all

isotropically emitted no is fl,’4n. Note t hat the acceptance may extend over a solid angle

as large as 1 sr. but the detector efficiency:’ is small so that the product is of the order of a

few x 10-s sr,

Consider a pair of v detectors deployed as shown in Fig. 2. An approximate formula

for the solid angle is
~L2H 1 Y—. ___ —- ——.— — (12)~ = ‘P””nv ) R3 Zmsillqj ~CosT//~b “

Here Peonv is the probat~ility that a v is converted into charged particles that are detected,

L is the detector size in the azimuthal direction, l-l is the detector size in the opening-angle

direction, R is the source-to-detector distance, q is the opening angle, and y is the range

of energy-sharing pnrameter T accepted. The factor (~ .onv )2 gives the probability that

both ~‘s are detected, LH/ R2 is the solid angle of one ~ detector, ~ 2R●h ~~2~O@~ is an

azimuthal acceptance factor, and (y/P ) is the fractional acceptance of z, One immediately

notes that the solid angle behaves like ~~ and not +, This behavior places a premium on

making the distance from the source to the back of the calorimeter small.

It is desirable that all calorimeter modules have the same size for reasons of economy,

The modules should be large rnough that the outer modules cart guard the inner fiducial

modules from shower leakage, Identical modules allow select ion of those having poor

resolution to be used as guards, The modules should be large enough so as to completely

contain a few MeV ~ so that they can be individually calibrated using radioactive sources.

The mod~lle ~ize chosen should be compatible with the sizes of commercially availabl~

photornultiplier tubes, It is important to consider that a larger module size will require

a smaller nunlbm of data channels, The size of the modules should be small enough that

showers can be localized to a cluster of modules, In this way, pile-up problems can be

reduced, Monte Carlo studies carried out by Hughes and Lit]” indicate that an ~rray o!

Xl cm x 30 cm of NaI is necessary to contail~ an ●lectromagnetic showm of a few l]~lndrm!

h!ev, A sitnpk array that satisfks the shove criteria is a 3 w 3 array of I(.I CIII M I[1 CII]

square cryst~s fitted with s-inch diameter photo tubes, TIN module with the highest

pulse height is almost always the hit module and a 3 x 3 array ccnterwl on tlN high- ptIlse

Ifi



height crystal contains the transverse shower development, A crt]de position vallle can Iw

oht ained a an energy-weighted averaKe ~lf nlodllle centers

The FIVH\l resolution of such a position t=stimator is somewhat less than l~alf a nlodtl]e

size.

The distance to the back O! t he calorimeter, 1?, woldd be smaller for a BGO calorimeter

than for a NaI calorimeter. Thus, for a BC;O calorimeter the area L~ could be about 25710

smaller so that the relative calorimeter costs for BGO and NaI would be $250/$80, The

conclusion is still that NaI is more cost effective than 13G0 for the calorimeter.

How thick should the calorimeter he? The answer depends on how high eliergy #‘s

we wish to detect. One-GeV no’s produce 600 hleV 7’s. Figure 9 shows the FwHNf

light responses due to slv~wer leakage as a function of calorimeter thickness calculated by

Hughes and Liu. A calorimeter thickness of 16 radiation lengths seems to be a reasonable

compromise. This was the thickness used for the SLAC crystal ball.

Since the solid angle depends on L2H, a rectangular array has a larger solid angle

than a square array. Table 11 compares the no solid angles and other characteristics of

different arrays of 10 cm x 10 cm NaI modules. A 6 x 10 array is a reasonable choice.

A smaller array would give much less solid angle per unit cost, and a Iargcr array WOUI(I

become mechanically unwieldy,

The next question to decide is how many converters per arm to use. According to

Eq. (12), the solid angle, fl, will increase as the number of conversion planes, n is increased

because ( Pronv )2 increases. On the other hand, as n increases, R also increases and 0

drcreases since the back of the calorimeter moves further away from the source, Figtlrr 10

shows the dependence of fl and P.Onv on n for a representative geometry. There is a

dramatic incre*e in fl M n increases from 1 to 2, but 0 increases less rapidly after that.

The cost, $ 100,000 /piane, and complexity of the converters is large and so their number

shou!d be increaaed unless there is a clear advantage to be gained, The best choice for n

is therefor~ 2.

17
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Calorimeter Thickness in Radiatiort Lengths

Fig.9. Shows the contribution ofshowcr Ieakage to the yenergy resolut’io[l aa

a functionof the NaIcalorin]eter thickness inrAiationlen@hs. The incident

y energy is 600 MeV

I have modeled a spectrometer having the characteristics outlined above using the

Monte Carlo code developed to describe the LAMPF r“ spectt meter, This code is not

sufficient Iy rdined to completely descri}m the proposed n~w spectrometer, Imt it does in-

clude such things aa finite target thickness, ionization energy Ioao of the incident piol~s,

ionization energy loss straggling in the Gaussian approximation, beam momentum sprd,

vertex remluticm, -y energy resolution, and finite detector geometry, The Monte Carlo cal-

culation is the haais of thr rate and energy resolution estimdes givrn at tlv h~gii]ning



‘I’able II. Comparison of different arrays.
..——-—. ——

Fiducid Rt+ative

Array Blocks k$ Al n/$
— --- ———...———- .—

3X5 3 300 9 3.0

4X6 8 480 32 6.7

5x8 18 800 108 13,5

6x1O 32 1200 256 21,3

Mabor of Convcrtar Plmmo

Fig, 1(L Show athe prdd]iiit~of ? roilversionm~dwlid aiigleiilarbitrar~

lii)ite M a function of the mlmb~r of ronv?rt?r lJianes.
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of this paper. It is possible to obtain: 0.4-MeV sys~~m energy resolution at Ap/P = 10-3

and 0.6 grn/cm 2 ‘3C target at 150 MGV pion !rinrtic smrgy. An estimnt~d r“ solid angle

of 2 mm givea a count rate of 75 counts/day for a ! ~b/w crass section.

Finally, in Table 111the estimated costs of ~ new no spectrometer are given. The total

cor,t is about $2.5 x 10e which is dcminated by the $ !.2 z 106 cost of the NaI,

. .. ..— ——— —— -:

Thble 111. Estimated costs for majcw capital itemc.
— ..— — ——

Item Price ($ x 10°)
—— —-— — -—

NaI 6 x 10s CI113at S2/cc 1.20

BGO 104 cm3 at $20/cc 0.25

Drift Chamber Readout, 1600 Anode Wires 0,32

at $200/wire

NaI Enclosure 0,20

Support Hardware 0.15

Alignment Syatern 0.05

Photo Tubes, Bases, 200 at $300 0,(?6

Electronic 0,25

Total 2.48

I have argued that it is possible to build a no spectrometer that can have a working

resolution of 0.4 MeV and a solid angle of 2 mm. Tbio irutrument would be able to take

data at n rate that would make pcms!ble the systematic study of isovector excitation in

nuclei M well M a wide variety of react ic n-mechanism and particle-physics experiments. 1

have argued that the current state of technology makea the instrument feasible, hut there

ia not much room to maneuver. A serious compromise in the oise or quality in any of th~

subsystems would yield ● much inferior instrument.
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